Trace gas detection is important for a range of applications such as environmental and safety monitoring as well as medical breath analysis. Compared with traditional electrochemical and semiconductor sensors, optical fibre sensors based on laser absorption spectroscopy offer good selectivity and sensitivity, with additional advantages such as capability for remote detection and immunity to electromagnetic interference. Earlier optical fibre gas sensors used micro-optic open-path cells and the sensitivity is limited due to the weak absorption of gases within the transmission windows of the standard (silica) optical fibres and the difficulty in building long path-length absorption cells with compact size[@b1]. The use of HC-PBF allows the construction of compact absorption gas cells with optical path length of many meters[@b2][@b3]. However, the performance of these gas sensors was found limited by mode interference noise[@b4][@b5]. So far the best result reported with direct absorption optical fibre gas sensors is \~1 ppm (acetylene) with 13-m-long sensing HC-PBF[@b5].

Photothermal interferometry (PTI) is an ultra-sensitive spectroscopic technique for gas-phase material analysis[@b6][@b7][@b8]. Instead of measuring optical spectral attenuations, PTI detects the absorption-induced photothermal (PT) phase modulation via optical interferometry. A pump-probe configuration is typically used, in which absorption of the pump beam generates localized heating, modulates the refractive index (RI) and the phase of the probe beam traveling through the material. PTI has been implemented with free-space optics, operating at primarily infrared wavelengths where absorptions of many gas molecules are the strongest. However, due to optical alignment loss, cost and complexity issues, the light-matter interaction length of free-space systems is limited to several tens of centimeters[@b7], making them less effective at near infrared wavelengths where gas absorptions are relatively weak. Recently we studied PTI with a HC-PBF and demonstrated detection of *C*~2~*H*~2~ down to ppb level with a dynamic range of six orders of magnitude, these results are nearly three orders of magnitude better than previously reported gas sensors using HC-PBF[@b6]. The use of hollow-core fibres as the sensing platform offers several distinct advantages over free-space approaches. A HC-PBF confines light and gas sample simultaneously within the hollow-core, offering nearly 100% overlap between the sample and light. The PT phase modulation is proportional to pump light intensity instead of power, and for the same pump power level, a HC-PBF would offer a much higher light intensity due to its much smaller mode field diameter compared with the free-space approaches. Ultra-sensitivity could be achieved by use of a longer length of fibre while it maintains the compactness since a HC-PBF can be coiled down to centimeters without obvious increase in transmission loss[@b2].

In our first demonstration of PTI with hollow-core optical fibre[@b6], a continuous wave laser with its wavelength/intensity modulated at 50 kHz was used as the pump source. The PT phase modulation was detected by an all-fibre Mach-Zehnder interferometer (MZI) and lock-in detection was used to improve the signal to noise ratio (SNR). The signal level was found to increase linearly with the pump power level. Since most of the high power lasers currently available operate in a pulsed mode, the use of these pulsed lasers would enable higher signal level and hence higher detection sensitivity. However, no work on PT effect in a HC-PBF with a pulsed laser source has been reported so far to our knowledge.

In this paper, we report the results of our theoretical and experimental investigation of the dynamics of PT phase modulation in a gas-filled hollow-core optical fibre with a pulsed pump laser source. First of all, we present a theoretical model and formulations for computing the PT phase modulation, as well as the numerical results obtained with a particular HC-PBF. Then we presents the experimental setup and results obtained with *C*~2~*H*~2~ (with *N*~2~ as the buffer gas) for different durations and peak power levels of pump pulses, as well as the measurement results of sensitivity and line-shape with a low peak power pulsed pump laser. Finally, discussions and conclusions are drawn and guidelines for future work on pulsed PTI with HC-PBF are presented.

Results
=======

A model for computing PT phase modulation
-----------------------------------------

The PT phase modulation in a gas-filled HC-PBF may be studied by use of a simplified model shown in [Fig. 1a](#f1){ref-type="fig"}. The model includes three regions: an inner circular region with the diameter of the hollow-core which is filled with the gas sample to be measured, a silica ring region with a thickness equal to the wall-thickness of the hollow-core, and an outer gas region filled with the same gas. In this model, the micro-structured cladding of the HC-PBF is approximated by an outer gas region because of the very large gas-filling ratio (\>90%[@b2]). An optical pump beam propagating in the *z*-direction is absorbed by the gas molecules and acts as the heat source, which modulates the refractive index of gas samples in the hollow-core fibres and hence the phase of the probe beam travelling in the same fibre. The same model may be used to study the PT phase modulation for a collimated free-space beam inside a cylindrical gas chamber, and in this case, the diameter of the cylindrical tube can be much larger than that of the pump beam, as shown in [Fig. 1b](#f1){ref-type="fig"}. The cross section of a typical HC-PBF is shown in [Fig. 1c](#f1){ref-type="fig"}.

Even with the simplified model shown in [Fig. 1](#f1){ref-type="fig"}, an accurate analysis of the PT modulation dynamics would be a very complex process. For pump pulse duration from a few ns to a few *μ*s, which is the case for our experimental investigation, some assumptions/approximations may be made to simplify the analysis.

First, the time for gas molecules to be excited from ground state to higher energy state is fast enough to be ignored since this process is usually in the time scale of picoseconds.

Second, we only consider *V* → *R, T* relaxation process. For most gases under standard temperature and pressure (s.t.p) condition, other relaxation processes are typically much faster than the *V* → *R, T* process[@b8]. For gas sample studied here (i.e., *C*~2~*H*~2~ with *N*~2~ as buffer gas), under s.t.p condition, the *V* → *R, T* relaxation time *τ* is \~74 ns[@b9].

Third, we assume that the absorption is weak, and the pump intensity and hence the heat generated is invariant along the direction of propagation. This allows us to use the simplified 2D models shown in [Fig. 2](#f2){ref-type="fig"}. It can easily be extended to the case of stronger absorption by dividing the optical path into small sections and, within each section the pump intensity may be regarded as invariant.

Fourth, the thermal dynamics process in the hollow-core may be approximately regarded the same as that in the continuum regime. Under atmospheric pressure, the Knudsen number (*Kn* = Λ/*d*, where Λ is the mean free path of gas molecules and *d* is the geometry diameter of gas chamber) is in the orders of 10^−6^ for *N*~2~ gas (the concentration of *C*~2~*H*~2~ is much smaller) in a 1-mm-diameter tube. For a HC-PBF with hollow-core diameter of *d* = 11 *μm*, the Knudsen number is about 0.008 for *N*~2~ gas. It has been shown that with *Kn* from 0.001 and 0.1, the continuum regime assumption is still valid within most of the fluid region while in the region adjacent to the boundary between fluid and solid, the slip flow condition should be considered for a more accurate model[@b10]. However, as the fundamental mode profile of the pump (and probe) beam in a HC-PBF is approximately of a Gaussian shape (as illustrated in [Fig. 2a](#f2){ref-type="fig"}), and the light intensity near the core/cladding boundary region is significantly lower than that at the core center. It means that the temperature change near the boundary is much smaller than that near the center, and its effect on the phase modulation of probe beam should be very small. Hence, the exact flow condition near the boundary would have very little effect on the overall phase modulation and may not need to consider for purpose of calculating phase modulation.

Fifth, the thermal conduction is regarded as the dominant heat dissipation process. Under the condition of the same or similar beam radius (*w*~*p*~) for the pump and probe beams and ignoring the mutual influence between conduction and convection processes, the natural convection velocity around laser radiation region may be estimated by[@b11]:

where *α(cm*^−1^) = *α*~0~*C*~0~. *α*~0~(*cm*^−1^) is the peak absorption coefficient of the absorptive gas for a relative concentration of 100% at s.t.p, which equals to 1.165 *cm*^−1^ for the P(9) absorption line in *v*~1~ + *v*~3~ overtone band of *C*~2~*H*~2~. *C*~0~ is a relative gas concentration. *I*~*pump*~ is pump laser intensity, *g*(=9.8 *m/s*^2^) is the acceleration of gravity, *ρ*(=1.165 *kg/m*^3^) is *N*~2~ gas density, *C*~*p*~(=1040 *J*/(*kg* · *K*)) is the specific heat of *N*~2~ gas molecules and *T*~*abs*~(=293.15 *K*) is the ambient temperature.

The thermal conduction velocity may be estimated by[@b7]:

where *κ*(=0.0256 *W*/ (*m* · *K*)) is the thermal conductivity of *N*~2~ buffer gas, *β* = *κ/ρC*~*p*~ ≈ 2.0 × 10^−5^ *m*^2^/*s* is the thermal diffusivity of the buffer gas. Under s.t.p condition, in a HC-PBF with beam radius of \~4.03 *μm* [@b12], the natural convection velocity is estimated to be \~1 × 10^−4^ *m/s* with a peak pump power level of 25 mW and 100 ppm (parts per million by volume) *C*~2~*H*~2~ gas while the thermal conduction velocity is 5 *m/s*. This would give a thermal conduction time of the order of *μ*s and a convection time of the order of ms. For the pump pulse duration from ns to *μ*s, the natural convection process would not be fast enough to catch up with the PT signal change. Therefore, within our observation time, the natural convection process could be ignored.

Based on the assumption above, the temperature distribution within the hollow-core may be obtained by solving the heat transfer equation[@b7]:

where **u** is the velocity field with an initial value of zero and *Q(r, t*) (*W/m*^3^) is the volume heat source.

The absorption of the pump beam results in heating around the center of the HC-PBF, and the volume heat source *Q(r, t*) may be regarded as invariant in *z*-direction under the condition of weak absorption and expressed in the form of:

where is the peak intensity of pump and the pump beam is assumed to have a Gaussian profile with a beam radius (peak power down to 1/*e*^2^ of its maximum) of *w*~*pump*~and peak power of *P*~*pump*~. S(*t*) is the pulse waveform in the time domain, and *f*~*pump*~(*r*) is the area-normalized intensity profile and takes the form of[@b13]:

For small temperature changes, the temperature at the outer boundary of the silica ring may be regarded as constant and equal to the ambient, which is the so-called first-kind boundary condition[@b13]. The temperature distribution in the inner circular gas region and the silica ring region is regarded as varying continuously, and all the thermal properties of gas material are also regarded as constant considering the very small temperature changes. With these conditions, [Equation (3)](#eq3){ref-type="disp-formula"} may be solved numerically and temperature changes Δ*T(r, t*)(=*T(r, t*) − *T*~*abs*~) could be obtained.

The refractive index changes in the gas-filled hollow-core region may then be obtained through the Lorentz-Lorentz relation[@b7]:

Under the assumption of constant pressure, the refractive index changes could also be expressed in terms of density changes, which have a similar expression as that in terms of temperature changes[@b7][@b13].

The change of effective refractive index of a propagating probe mode may be calculated by performing the following integration over the cross section of hollow-core (the fluid region) by using[@b14]:

where is the electrical field profile of probe beam in the HC-PBF. The fundamental mode of the probe beam is also approximately Gaussian and may be expressed as:

where*E*~0~is the electrical field strength and the integration of the electrical field satisfies .

The overall phase changes of the probe beam, due to PT effect, may be calculated by using:

where *n*~0~ is the refractive index of gas sample under s.t.p condition, for nitrogen *n*~0~ \~ 1 + 2 × 10^−4^. *L* is the length of HC-PBF (in our simulation and experiment *L* = 0.62 m), *λ* is the wavelength of probe beam. *f*~*probe*~(*r*) is the area-normalized intensity profile of probe beam, which has the same expression as [Equation (5)](#eq6){ref-type="disp-formula"} but with *w*~*pump*~ replaced by *w*~*probe*~. For the cases studied here, the probe beam has approximately the same profile as the pump beam, and hence we may use *w*~*pump*~ = *w*~*probe*~ = *w*~*p*~.

Computed results of PT phase modulation
---------------------------------------

The pulse waveform function S(*t*) used in our simulation is illustrated in the [Fig. 2b](#f2){ref-type="fig"}. After the pump pulse is turned on, the heat rises exponentially to a constant level by following the function of 1 − exp(−*t/τ*), where *τ* is the thermal relaxation time of excited gas molecules. On the other hand, when the pump pulse is turned-off, the heat follows an exponential decay exp(−*t/τ*)[@b7].

[Figure 3a](#f3){ref-type="fig"} shows the calculated time evolution of temperature rise Δ*T(r, t*) in a HC-PBF containing 100 ppm of *C*~2~*H*~2~. The pump pulse has duration of 2 *μs* and a peak power of 25 mW, and its wavelength is tuned to the P(9) absorption line of *C*~2~*H*~2~ at 1530.371 nm. The maximum Δ*T(r, t*) occurs at the center of the fibre and is less than 0.002 K. [Figure 3b](#f3){ref-type="fig"} shows the 2D plot of Δ*T(r, t*) at the time of 1.5 *μs* after the pump pulse is turned on. The arrows in [Fig. 3b](#f3){ref-type="fig"} represent the direction of heat flux, indicating that the heat tends to dissipate outward to reach thermal equilibrium.

[Figure 3c](#f3){ref-type="fig"} shows the computed phase modulation dynamics for different pulse durations from 40 ns to 4 *μs*, and the peak phase change as function of pulse duration for constant peak pump power is plotted in [Fig. 3d](#f3){ref-type="fig"}. The peak phase change increases approximately linearly with the increasing pulse duration till about \~200 ns. This value is quite close to the thermal conduction time to a quarter of the beam radius similar to the results of free-space system[@b7]. When the pulse duration is beyond \~1.2 *μs*, the peak phase modulation does not increase significantly with increasing pulse duration, indicating an optimal pulse duration of \~1.2 *μs* to achieve maximum peak phase modulation for a constant peak pump power. This pulse duration coincides approximately with the thermal conduction time to the hollow-core boundary, which is estimated to be *t*~*c*2~ = *a/v*~*cond*~ \~ 1.1 *μs*, where *a* is the radius of hollow core. This shows that gas thermal conduction plays a major role in the phase modulation dynamics in the HC-PBF.

By fitting the leading and trailing edges of the phase modulation signal for the 2 *μs* duration of pump pulse ([Fig. 4a,b](#f4){ref-type="fig"}), we obtained a time constant of 287 ns and 280 ns respectively which represents the characteristic time that the PT phase change will rise up to 1 − 1/*e* or decay down to 1/*e* of its maximum value. These values are about one quarter the value of *t*~*c*2~ (i.e., *t*~*c*2~/4 \~ 275*ns*), showing that the thermal conduction is the main process that determines the rise and falling behavior of the phase modulation.

We also examined the role of thermal relaxation time *τ* on characteristic time constant of leading/trailing edge of the phase modulation signals. By varying *τ* from 5 ns to 400 ns while keeping other parameters unchanged, and fitting the trailing edge, the characteristic time constant of exponential curve was found and shown in [Fig. 4c](#f4){ref-type="fig"}. The time constant increases from 240 ns to 550 ns. For our case *τ* = 74 *ns*, the characteristic time is about 280 ns, the conduction process is dominant, but for other gases with *τ* ≫ *t*~*c*2~/4, the *τ* could induce considerable the curve broadening. For *τ* ≫ *t*~*c*2~, this effect on the optimal pulse duration will be significant and required further investigations.

The results obtained for pulsed pump modulation would be a useful indication of the frequency dependent phase modulation for the sinusoidally modulated continuous-wave pumping scheme. We would expect that the PT phase modulation is frequency-independent at low modulation frequencies and started to decrease when the modulation frequency is increased beyond a critical frequency at 1/2*t*~*c*2~, which is \~450 kHz for the HC-PBF used here. For higher modulation frequency beyond \~1/2*t*~*c*1~, which is about 2 MHz, the phase modulation is expected to be approximately inversely proportional to the modulation frequency. Further experiments are currently on-going to verify such dependence.

For the 25 mW peak pump power, 100 ppm *C*~2~*H*~2~ gas concentration and 0.62-m-long HC-PBF, the PT maximum peak phase modulation is computed to be 0.002739 rad with the pump wavelength tuned to the P(9) line of *C*~2~*H*~2~ and a probe wavelength of 1553 nm. Since for fixed pulse duration, the maximum phase modulation is expected to increase linearly with the peak pump power, we may then obtain a normalized phase modulation coefficient: in terms of gas concentration 1.767 × 10^−6^ *rad* · *ppm*^−1^ · *mW*^−1^ · *m*^−1^ or 1.517 *rad* · *cm* · *mW*^−1^ · *m*^−1^ in terms of absorption coefficient.

The discussion above is for constant peak pump power with different pump pulse durations. If we now assume a constant pulse energy of 5 *nJ*, the maximum PT phase modulation as function of pulse duration is calculated and plotted in [Fig. 4d](#f4){ref-type="fig"}. In obtaining the results, we considered an independent single pulse, i.e., the pulse repetition is sufficient slow that the two subsequent PTI pulse signals would not overlap with each other. Obviously, narrower pulse duration would result in a larger phase modulation. For a pulse duration of 10 ns, the maximum phase change for a 5 *nJ* pulse can be as high as 0.011 rad for 0.62 m-long HC-PBF, 100 ppm gas concentration. The normalized phase modulation coefficient may then be determined as 0.03548 *rad* · *ppm*^−1^ · *μJ*^−1^ · *m*^−1^. With a higher energy of 100 *nJ*, the achievable phase modulation would be \~0.3 rad using 100 ppm gas sample and 1-m-long HC-PBF. With a demodulation system with minimum detectable phase change of 1 *μrad*, the minimum detectable *C*~2~*H*~2~ concentration would be about 1 ppb. However, if the pulse energy is too high (e.g., at the order of *μJ* to *mJ* with pulse duration of nano-seconds), the temperature rise would be large that the first-boundary condition would not be valid any more. Further work is needed to study the phase modulation with higher energy pulses.

From [equation (4)](#eq4){ref-type="disp-formula"}, it can be seen that for a constant peak power, the peak value of *Q(r, t*) is inversely proportional to the spot size of the pump and hence we may expect that larger phase modulation would be achieved for a smaller beam area. However, the probe phase modulation is also affected by the dynamics of thermal conduction, which depends on several factors such as the core size of the hollow tube that contains the gas sample. Keeping the spot size of pump and probe beams un-changed as well as using the optimal pulse duration of *a/v*~*cond*~, the peak phase change for different core size was computed and is presented in the [Table 1](#t1){ref-type="table"} (with 0.62 m-long HC-PBF, 25 mW peak power, 100 ppm acetylene in N~2~). The maximum PT phase modulation increases with the diameter of hollow-tube, indicating that the boundary has significant influence on the phase modulation, and the results obtained with infinite boundary, corresponding to the case of free-space approaches, are no longer valid for the HC-PBF. The reduced phase modulation for smaller core-size of hollow-tube may be explained by the better thermal conductivity of the tube material (silica here) as compared with the gas sample. The heat generated begins to dissipate before it reaches its maximum value. The smaller core size would result in faster thermal conduction which limits the maximum PT phase modulation.

As discussed above, the calculation method used in free-space[@b15] may not be suitable for HC-PBF. For constant spot size of the pump and probe beams, larger core size would result in larger PT phase modulation under the condition of constant pump intensity. However, in real optical waveguides, larger core size would always mean larger pump spot size, which would reduce the pump intensity for constant pump power and hence PT phase modulation efficiency. Therefore, an optimal HC-PBF with appropriate core size should exist to achieve maximum phase modulation.

Experimental results
--------------------

The experimental set-up for studying the PT modulation dynamics is shown in [Fig. 5](#f5){ref-type="fig"}. An external-cavity laser (ECDL) is utilized as a pump source and after passing through an erbium-doped amplifier (EDFA), it is modulated in intensity by an acoustic-optic modulator (AOM). The repetition rate of pulse modulation is set to 500 Hz. The sensing HC-PBF is 0.62-m long HC-1550-02 fibre (NKT Photonics) filled with 7500 ppm *C*~2~*H*~2~ in nitrogen. The nominal wavelength of the ECDL is calibrated by a standard *C*~2~*H*~2~ gas cell and tuned to the P (9) absorption line of *C*~2~*H*~2~ at 1530.371 nm.

The PT phase modulation in the HC-PBF is detected by the use of an all-fibre Sagnac interferometer with a 3 × 3 loop coupler. The output ports of the 3 × 3 coupler present a fixed phase difference of 2*π*/3 and the use of the balanced detection (BD) scheme gives a system output that is approximately linearly proportional to the phase modulation[@b16]. A super-luminescent light emitting diode (SLED) with bandwidth of 41 nm centered at 1545 nm is used as a broadband probe light source. After the 3 × 3 coupler, the divided probe beams travel through the same fibre loop but along opposite directions: clock-wise wave (CW) and counter-clock-wise (CCW) directions. In additional to the sensing HC-PBF, the Sagnac loop also includes a 2-km-long single mode fibre (SMF) as an optical delay line, which causes the CW and CCW waves travel through the sensing HC-PBF with a time difference of *t*~*d*~ \~ 10 *μs*.

Previously, we have used a fibre MZI for PT phase detection but active servo-control was required to stabilize the interferometer at quadrature and, in addition, the optical path lengths of the two interferometer arms need to be matched carefully to maintain long time stability[@b6]. The Sagnac configuration used here achieves linear phase to intensity conversion passively, avoiding the need of servo-control. It would also have better stability over the MZI since the CW and CCW beams propagate in the same fibre (opposite directions) and hence environmental disturbance would have less effect on the phase difference between the two interfering beams.

As discussed in [Supplementary materials](#S1){ref-type="supplementary-material"}, the output waveform of Sagnac interferometer depends on pump pulse duration *t*~0~ and the loop delay time *t*~*d*~. For *t*~0~ \< *t*~*d*~, the system output appears to be two identically shaped pulses but with reverse signs. Here in our experiments, we focus on the case that the pump duration is considerably shorter than the loop delay time *t*~*d*~ (here *t*~*d*~ \~ 10 *μs* corresponding to 2-km SMF); this ensures that the dynamics of PT phase modulation due to a single pump pulse could be observed clearly and directly from the output waveform.

[Figure 6a](#f6){ref-type="fig"} shows the output waveforms from BD for pump pulse duration from 100 ns to 2 *μ*s. The HC-PBF is 0.62 m long and filled with 7500 ppm *C*~2~*H*~2~ in nitrogen and the peak pump power delivered to the HC-PBF is 20.2 mW. The output signal closely resembles that predicted by the numerical model and the signal amplitude increases with pulse duration up to \~1.2 *μ*s and become flat for longer pulse duration, agreeing well with the numerical results in [Fig. 3](#f3){ref-type="fig"}.

Comparing experimental results with the modeling results
--------------------------------------------------------

The output from BD may be converted to phase change of the probe in the HC-PBF by the following calibration process: an optical fibre phase modulator made by wrapping a piece of SMF on a piezoelectric-transducer (PZT) is connected into the Sagnac loop. A sinusoidal voltage of 50 kHz is used to drive the PZT to generate a *π* (amplitude) phase difference between the CW and CCW waves, which can be directly observed at the BD output by using an oscilloscope[@b17]. Assuming a linear relationship between the phase modulation and the PZT driving voltage, 0.5* rad* (observed peak amplitude) phase difference is obtained by adjusting the voltage applied to the PZT modulator, and the corresponding peak voltage of the BD output is measured to be 33* mV* (amplitude). Since for sinusoidal phase modulation, the amplitude of the phase difference is twice that of the CW (or CCW) wave[@b16], the relationship between the peak voltage of the BD output and the amplitude of the CW (or CCW) phase modulation should be 33 *mV*/0.25* rad* = 132 *mV/rad*. However, for our pulsed phase modulation considered here, the amplitude of the phase difference is the same (without the factor of 2) as the phase modulation of CW (or CCW) wave. Hence the response of our Sagnac system to the pulsed modulation may be determined to be 66 *mV/rad*. The peak PT phase modulation corresponding to the peak output voltage shown in [Fig. 6a](#f6){ref-type="fig"} is then determined to be 3.102 *mV*/66 *mV* × 1 *rad* = 0.047 *rad*.

With this voltage to phase conversation constant, the maximum phase change as function of the pump pulse duration can be calculated and shown in [Fig. 6b](#f6){ref-type="fig"}. The maximum phase modulation increases with the pulse duration for up to 1.2 *μ*s, and remains more or less constant for pulse duration beyond this value. This agrees with the numerical prediction and discussion in [Fig. 3](#f3){ref-type="fig"}.

Although 20.2 mW pump power is delivered to the input end of the HC-PBF, the power level in the HC-PBF may not be regarded as constant due to the absorption of the pump beam by *C*~2~*H*~2~. For the gas concentration of *C*~0~ = 7500 ppm, the weak absorption condition is no longer strictly valid and the average calibrated pump power over the length of 0.62 m is estimated as pump power 20.2 × (1 − exp(−*αL*)), i.e. \~8.4 mW. The computed maximum phase change for 2 *μ*s pulse is 0.069* rad* and there is about \~38% larger than the experimental value of 0.047 *rad*. The deviation between the theory and the experiment may be due to (i) phase calibration errors, (ii) mass diffusion and some other complicated processes that are ignored in our simplified model, (iii) the errors in determining the exact spot and core sizes of the HC-PBF that may vary slightly for different section of the HC-PBF, and (iv) the non-ideal heat yield--we have assumed that the light energy absorbed by gas molecules has been completely converted into heat via thermal relaxation process[@b8], there would be other processes that could result in a less than 100% heat yield but are not considered here.

To compare theory with experiment, the phase changes obtained experimentally are plotted in the same graph for two pump pulse durations of 325 ns and 2 *μ*s, as shown in [Fig. 7a,b](#f7){ref-type="fig"}. The simulation is based on the basic assumption described earlier with a thermal relaxation time *τ* of 74 ns. The phase change has been normalized against its maximum value of the pulse to precisely observe the behaviors of leading and trailing edges of signals. The results between experiment and simulation are well matched, indicating that our model is sufficient in predicting the PT phase modulation dynamics in the *C*~2~*H*~2~-filled HC-PBF.

We also examined more closely the dynamics of the PT-induced phase modulation by fitting the leading and trailing edges of the PT signal with the 2 *μs* pump pulse to an exponential function and the results are shown in [Fig. 7c,d](#f7){ref-type="fig"}. The characteristic time constants for leading and trailing edges are respectively 294 ns and 315 ns, respectively, close to the calculated characteristic time constant *t*~*c*2~/4 \~ 275 ns and also the computed results \~280 ns. These values may be regarded as close to the numerical results shown in [Fig. 4](#f4){ref-type="fig"}, taking into account the curve fitting errors due to the considerable fluctuation of the experimental signals as shown in [Fig. 7](#f7){ref-type="fig"}.

Measurements of gas detection sensitivity and absorption lineshape
------------------------------------------------------------------

The performance of the pulsed PTI system for gas detection was evaluated with the same setup as shown in [Fig. 5](#f5){ref-type="fig"} but the oscilloscope is replaced by a boxcar averager (SRS250). The sensitivity of boxcar averager is 1 V/5 mV and gate width is about 300 ns. The pump pulse duration is set to be 3*μs* with repetition rate of 500 Hz. The peak pump power launched into HC-PBF is 20.2 mW. The *C*~2~*H*~2~ gas concentration is 7500 ppm. [Figure 8a](#f8){ref-type="fig"} shows the output from the Boxcar for the averaging times (*N*) of 10 and 10000. The 1*σ* noise level is reduced significantly with larger number of averages but the signal level remains approximately the same. The slight change (\~0.06 dB) in the averaged signal amplitude is believed due to the stability of our phase detection system. The measurements with 10 and 10 K averages were conducted with a time interval of \~20 min, and the stability of our Sagnac demodulation system was previously measured to be \~0.87 dB over a 6-hour period[@b18], due to possibly polarization state variations. The relationship between signal-to-noise ratio (SNR) and the number of averaging (*N*) is calculated and shown in [Fig. 8b](#f8){ref-type="fig"}. Curve fitting shows that the SNR is linearly proportional to (*N*)^1/2^, indicating that the noise in our measurement is approximately white[@b19]. With averaging times of 10000, the signal output from the BD is \~3.34 *mV*and 1*σ* noise level is 0.00147 mV. The SNR is about 2272. The lower detection limit in terms of noise equivalent gas concentration can then be estimated to be is \~3.3 *ppm* for a SNR of unity. For the pump pulse duration of 3 *μ*s, the peak amplitudes of the PT modulation for varying pump power level is also measured and plotted in [Fig. 8c](#f8){ref-type="fig"}. As expected, it follows a linear relationship, indicating that the system performance would be further improved by increasing the peak pump power level.

The lower detection limit could also be improved by increasing the length of the sensing HC-PBF. However, the use of long HC-PBF would result in slow response due to time taking to fill the hollow-core. The response time may be reduced by introducing micro-channels along the HC-PBF or applying pressure differentials[@b1]. We have recently demonstrated the drilling of multiple low-loss micro-channels along a single HC-PBF with spacing between the micro-channels of a few cm, which would enable gas HC-PBF gas sensors with response time of well below 1 min[@b3][@b20].

The spectral shape of absorption line can also be determined by use of the pulsed photothermal interferometry. [Figure 8d](#f8){ref-type="fig"} shows the boxcar output signal when the pump wavelength is tuned from 1530.27 to 1530.47 nm (corresponding to the wavenumber range of 6533.94 *cm*^−1^ \~ 6534.79 *cm*^−1^). The signal was normalized against the maximum PT signal at the line center. By fitting the data to the Lorentz line shape, we obtained a half width half maximum (HWHM) of 0.09757 *cm*^−1^, quite close to that obtained from HITRAN data base (0.0820 *cm*^−1^).

Discussion
==========

Theoretical and experimental investigations of phase modulation in pulsed photothermal spectroscopy with a HC-PBF filled with *C*~2~*H*~2~ (with *N*~2~ as the buffer gas) are conducted. A simple theoretical model similar to the heat transfer model for a free-space system but with different boundary condition is developed for investigation on the phase modulation dynamics in the HC-PBF system. The numerically computed phase modulation dynamics agree with the measured results obtained experimentally with pump pulse duration from tens of ns to a few *μs*. Some useful conclusions are drawn and further works are suggested. They are summarized as follow:For a fixed peak pump power level, the maximum phase modulation increases with pulse duration and approaches a constant after a critical time interval of \~1.2 *μs*. The maximum phase modulation is linearly proportional to the peak pump power, the length of HC-PBF and gas absorption. With the NKT Photonics' HC-1550-02 fibre, and for a pump laser operating at the peak of the P(9) absorption line, the phase modulating coefficient was determined to be 1.767 × 10^−6^ *rad* · *ppm*^−1^ · *mW*^−1^ · *m*^−1^or 1.517 *rad* · *cm* · *mW*^−1^ · *m*^−1^.For pulse duration of the order of 1 *μs*, the thermal conduction is identified as the main mechanism responsible for the phase modulation dynamics. The characteristic time constant for both leading and trailing time behavior with optimal pulse duration was experimentally determined to be around 300 ns, agree well with the calculated value of *t*~*c*2~/4 \~ 275 *ns* and is also affected by the thermal relaxation time *τ* of gas molecules. The pulse duration required to achieved maximum phase modulation (optimal pulse duration) is approximately \~1.2 *μs*, determined by thermal conduction time of *a/v*~*cond*~ \~ 1.1 *μs*.Gas detection experiments with a 1530.371 nm pump laser with peak power of 20.2 mW, pulse duration of 3 *μs* and 500 Hz repetition demonstrated a noise equivalent *C*~2~*H*~2~ concentration of \~3.3 ppm with averaging times of 10000. This value would be further reduced by using a higher peak pump power and a larger number of averaging times.For a fixed pulse energy, the maximum phase modulation was theoretically evaluated and found to increase with reducing pulse duration. It is theoretically possible to achieve ppb level lower detection limit for *C*~2~*H*~2~ in *N*~2~ with pulse energy of \~100 *nJ*. pulse duration of 10 ns and sensing HC-PBF of \~1 m. However, for very high pulse energies, the temperature change near the core/cladding boundary could be large and the first-kind of boundary conduction might not be accurate anymore and further investigation is needed.Under the condition of constant pump power level, smaller spot size (mode field diameter) enhances pump light intensity in the core, which would enhance the PT phase modulation. On the other hand, smaller core size would mean that thermal conduction is fast and the phase modulation could be reduced for a fixed pulse duration because of the fast thermal dissipation. An optimal HC-PBF with appropriate core size should exist to achieve maximum phase modulation.We only investigated pulse duration in the range of few tens of ns to *μs*. For much longer (e.g., millisecond) or shorter (e.g., picoseconds) pulse duration, the phase modulation could be affected by other processes and further investigation is needed.
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![Model for computing PT phase modulation.\
(**a**) A HC-PBF and (**b**) A free-space beam within a cylindrical tube filled with gas. The red region indicates the area of the light beam. The region inside the ring is filled with gas to be measured. In the model for the HC-PBF, the beam diameter is similar to that of the ring, while it is much smaller than the ring for the free-space open-path system. (**c**) Schematic fibre cross section of the HC-1550-02 fibre from NKT Photonics data sheet.](srep39410-f1){#f1}

![Details of the model.\
(**a**) The region within the circular ring encloses the gas sample and is the domain within which our simulation is conducted. The intensity profiles (the fundamental mode) for both the pump and probe are Gaussian and in our simulation they are assumed to have the same mode field radius. However, the model can also be used for pump and probe beams that have different mode field parameters. The temperature at the outer ring boundary is regarded as constant and continuous temperature change is assumed between solid and fluid regions. (**b**) Shape of a typical heating pulse S(*t*) used in our simulation. For this particular pulse, the pump pulse duration is *t*~0~ = 2*μs* and the relaxation time *τ* is 74 ns.](srep39410-f2){#f2}

![Computation results.\
The HC-PBF has a core radius of 5.5 *μm*, the beam radius of pump beam is 4.03 *μm* and the duration of the pump pulse is 2 *μs*. The peak power of the pump is 25 mW. The HC-PBF is 0.62-m-long and filled with 100 ppm *C*~2~*H*~2~ in nitrogen. (**a**) Time evolution of temperature distribution Δ*T(r, t*); (**b**) 2D plot of Δ*T(r, t*) at the time of 1.5 *μs* after the pump pulse is turned on, with arrows indicating the direction of heat flow. The unit of temperature in the plot is Kelvin. (**c**) Computed PT phase modulation in a HC-PBF for different pulse durations. (**d**) Maximum phase change as function of pulse duration of the pump.](srep39410-f3){#f3}

![Computation results.\
(**a**) Leading and (**b**) Trailing part of PT phase modulation with pulse duration of 2 *μs* together with curve fittings. The amplitude of phase changes has been normalized. (**c**) The relationship between characteristic time constant and thermal relaxation time. (**d**) Peak phase modulation with different pump pulse duration but constant pulse energy of 5 *nJ*. The simulation is conducted with 0.62-m-long HC-PBF filled with 100 ppm*C*~2~*H*~2~.](srep39410-f4){#f4}

![Experimental set-up for gas detection with 0.62-m-long HC-PBF.\
An external-cavity diode laser (ECDL) with wavelength around 1530.371 nm is used as pump beam. The tunable filter-3 filters out the noise accompanying the EDFA. The fixed wavelength filters (filter-1 and filter-2, both have center wavelength of 1553.33 nm and 3-dB bandwidth of 1 nm) are used to filter out the residual pump. AOM: acoustic-optic modulator. BS: broadband source (probe). PC: polarization controller. BD: balanced-detector. The output of BD is connected to an oscilloscope to observe the dynamics of the photothermal signal. A piezoelectric-transducer (PZT) is used for phase calibration purpose. The inset figure is the cross-sectional image of the sensing fibre (NKT Photonics' HC-1550-02 fibre) that has a core diameter of \~11 *μm*.](srep39410-f5){#f5}

![Experimental results.\
(**a**) Output from balanced detector (BD) for different pulse durations of the pump. (**b**) The peak phase change as function of pump pulse duration for a constant peak pump power of 20.2 mW delivered to the input end of the 0.62-m-long HC-PCF filled with 7500 ppm of *C*~2~*H*~2~ in nitrogen.](srep39410-f6){#f6}

![Comparison between experimental results and computation results.\
The experimental and simulation results of PTI signal with pump pulse duration of (**a**) 325 ns and (**b**)2 *μs*. (**c**) (**d**) The curve fitting of leading and trailing edges of PTI signal obtained with pump pulse duration of 2 *μs*.](srep39410-f7){#f7}

![Results of gas detection and spectral line shape measurements.\
(**a**) Boxcar output with different number of averages, (**b**) SNR of the output as function of averaging times N. (**c**) Output from balanced detector (BD) for different pump peak power delivered to the HC-PBF. (**d**) The spectral shape of absorption line measured with the PTI system.](srep39410-f8){#f8}

###### Peak phase modulation for different sizes of the hollow-core.

  Core size(*μm*)    Maximum phase changes (rad)
  ----------------- -----------------------------
  5.5                           0.001
  9.5                          0.0052
  20                           0.0085
  50                            0.012
